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Abstract
Niobium, also known as columbium, is one of the new industrial metals likely to play an important role in
industrial processing in the near future. Its high melting point (4376°F.) and low cross section for neutron
absorption (1.1 barns) make it of special interest to the Atomic Energy Commission. Since tantalum, which
invariably accompanies niobium in its ores, has a somewhat higher cross section for neutron absorption (21
barns) there is considerable interest in developing an industrial process for producing tantalum-free niobium.
Tantalum itself is a valuable metal because of its high melting point (5160°F.) and its resistance to most
corrosive chemicals.
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* Separation of Niobium and Tantalum by Liquid Extraction 
by 
Ernest L. Koerner, Jr., Morton Smutz and H. A. Wilhelm 
ABSTRACT 
Niobium, also known as columbium, is one of the new 
industrial metals likely to play an important role in 
industrial processing in the near future. Its high melting 
point (4376°F.) and low cross section for neutron absorption 
(1.1 barns) make it of special interest to the Atomic Energy 
Commission. Since tantalum, which invariably accompanies 
niobium in its ores, has a somewhat higher cross section for 
neutron absorption (21 barns) there is considerable interest 
in developing an industrial process for producing tantalum-
free niobium. Tantalum itself is a valuable metal because of 
its li.ig;h melting poi nt (5J.60°F.) and its resistance to most 
corrosive chemicals. 
The purpose of this research was to find an economical 
method of producing a ni obium oxide product containing as 
little tantalum and other impurities as possible, starting with 
a typical niobium-rich ore or concentrate. The process 
selected as a result of the research consisted of the 
following processing steps: 
* 
1. Digestion of the ore or concentrate with hydrofluoric 
acld. 
2. Extraction of niobium and tantalum from the digested 
mass with an organic solvent such as methyl isobutyl 
ketone. 
3. Separation of tantalum and niobium by continuous 
countercurrent multistage extraction using an organic 
solvent and an aqueous scrubbing solvent. 
This report is based on a Ph.D. thesis by Ernest L. Koerner, Jr., 
submitted December 1956 to Iowa State College, Ames, Iowa. 
This work was done under contract with the Atomic Energy 
Commission. 
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4. Separation of niobium from other impurities by a 
second solvent extraction step using an organic 
solvent. 
5. Stripping of the niobium and tantalum from their 
solvents and regeneration of solvents. 
The process as outlined above was studied on a small 
scale and demonstrated on a somewhat larger scale so that a 
more accurate cost estimate could be made. Several pounds 
of niobium oxide containing less than 700 parts per million 
of tantalum oxide were produced. Several pounds of tantalum 
oxide containing less than 100 parts per million of niobium 
oxide were produced. Both purity values were the limit of 
detection for the spectrographic methods employed. 
v 
Preliminary cost estimates were made for production of 
purified niobium and tantalum oxides from an ore concentrate 
assaying 63 per cent niobium oxide and 7 per cent tant.alum 
oxide. The basis chosen was a plant producing 300,000 pounqs 
of total oxides per year or 270,000 pounds nio~ium oxide and 
30,000 pounds tantalum oxide. Estimated chemical and total 
operating costs for one pound of either tantalum or niobium 
oxide were $1.89 and $2.80. 
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INTRODUCTION 
Niobium and tantalum have had an interesting history. 
In 1801 Hatchett discovered niobium in a Connecticut mineral. 
Since niobium-bearing minerals without tantalum are virtually 
unknown, the first investigators were dealing with mixtures of 
these two chemically similar elements. The presence of 
titanium in some cases caused additional complications. Before 
their final identification, seven names had been ascribed to 
new elements that were thought to be present in these 
minerals. Marignac finally identified the two elements in 
1866 by separating them as complex potassium fluorides by 
fractional crystallization. He found that the complex niobium 
fluoride was isomorphous with the known salts K2TiF6·H20 and 
K2W02F4•H20, which indicated that the valence of niobium was 
+5 and the formula of the salt was K2NbOF5•H20• The literature 
on the separation of nicbium and tantalum has been reviewed 
by Koerner and Smutz (1). 
The first industrial importance of niobium resulted from 
its property of combining with carbon in steel to form 
stable niobium carbide. It is used as an addition agent to 
18-8 chrome-nickel types of stainless steel to prevent 
intergranular corrosion. More recently, niobium has been 
mentioned as a possible structural material in nuclear 
reactors because of its corrosion resistance, high-temperature 
strength, and low neutron absorption. Because of the high 
neutron absorption of tantalum, any niobium used within a 
reactor would necessarily be required to be low in tantalum 
contamination. 
Other possible uses of niobium are for gas turbine blade 
alloys and high-velocity, rapid-fire machine gun barrels. The 
former application would allow gas turbines to operate at 
higher temperatures than those now in use. Present gun 
liners do not have a satisfactory life. Work on molybdenum 
liners has not resulted in a production model. If costs are 
not prohibitive, the high melting points of niobium and 
tantalum and their alloys make them logical candidates for 
trial. 
The physical property which makes niobium interesting for 
these and other applications is a melting point of 4376°F. This 
is roughly 1600-1700°F. higher than iron, cobalt, or nick~l, 
which are the base metals for alloys useful to 1650°F. In 
addition, this is only 370°F . lower than the melting point of 
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molybdenum, which is the base for alloys useful to at least 
2000°F. (if protected from oxidation). In contrast to 
molybdenum, the oxide of niobium is relatively non-volatile 
and, therefore, may be easier to protect by alloying or 
coating. 
For all of the above applications, niobium and tantalum 
must compete with relatively low cost metals. Future demand, 
therefore, will increase only if the price makes it competitive. 
Presently the Fansteel Metallurgical Corporation is the 
sole producer of niobium metal. The present consumption of 
columbite-tantalit e ores does not exceed 10,000 tons per year 
with only a small fraction being converted to niobium metal. 
During World War II, the world reserves were estimated as 
equivalent to 15,000,000 pounds of contained niobium and 
tantalum. Present known reserves are of the order of ten 
times this figure in columbites and one hundred times 
including pyrochlore minerals. 
The price of tantalum metal varies from 65 to 125 dollars 
a pound; niobium from 230 to 300 dollars a pound. The high 
cost is attributed partly to t he fractional crystallization 
process presently used to separate the niobium and tantalum. 
Another factor which raises the cost is the fusion method of 
opening the ore. 
It was the object of this investigation to propose, 
develop, and test a process for recovering niobium and 
tantalum oxides from their ores . The process selected as a 
result of this study is shown schematically in Figure 1. The 
columbite-tantalite ore was dissolved in 70 per c~nt hydro-
fluoric acid. Methyl isobutyl ketone (hexone) was used to 
extract the niobium and tantalum fluorides away from the 
gangue materials of the ore. Th~s hexone solution of niobium 
and tantalum fluorides was used as feed material for the 
extraction separ at ion . The fluoride salts were best suited 
to separation by solvent extraction since chlorides, nitrates, 
and sulfates exist only in dilute solutions. 
The extraction apparatus shown in Figure 1 performed the 
actual separation of niobium and tantalum. The hexone 
preferentially extracted the tantalum, leaving tantalum-free 
niobium in the aqueous phase. A second extractor then 
extracted the niobium into another hexone phase separating it 
from the impurities in the aqueous phase. It was found that 
... 
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Figure 1. Proposed process for the separation of niobium and tantalum. 
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nine extraction stages would produce an extract of tantalum 
containing less than 100 parts per million of niobium and a 
raffinate of niobium containing less than 700 parts per 
million of tantalum. The purified tantalum and niobium 
fractions were removed from the hexone solvents'by filtration 
after precipitation of the hydroxides with ammonia. The 
solvent streams wer•e recovel"ed, regenerated by mixing with 
sulfuric acid, and recycled. The purified hydroxides were 
calcined to tantalum and niobium oxides. 
The simulated column technique was employed to obtain 
equilibrium extraction data. This procedure involved a 
series of batch contacts operated in such a manner as to 
approach stead~r state in a- countercurrent extraction 
operation. The use of the procedure was successful in 
predicting product composition in continuous extraction 
runs. 
Most of the investigation was concerned with the 
opening of the ore, the purification of the extractor feed 
solution, and the actual separation . Attempts to strip 
the solvents by various aqueous solutions were not successful 
so that resort was made to direct precipitation of the 
tantalum and niobium fluorides in the organic phase. The 
final product form of the tantalum and niobium were the 
oxides. These oxides were assumed suitable for metal 
reduction but if other salts proved ·more useful, they could 
be obtained by a simple modification in the process or by 
direct conversion of the oxides. Based upon methods 
developed in laborato1~ and pilot plant studies, a cost 
estimate of chemical and operating charges was compiled. 
PREVIOUS WORK 
Previous work on the separation of tantalum and niobium 
was reviewed and summarized in repor t ISC-793, "Separation · 
of Niobium and Tantalum - Literature Survey" by Ernest L. Koerner 
and Morton Smutz. 
INVESTIGATION 
It was the objective of this investigation to develop a 
process for the production of spectrographically-pure niobium 
and tantalum oxides. The general form of the process is 
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shown in Figure 1. It was necessary to develop methods 
for carrying out the individual steps in the process and 
to determine operating conditions and chemical and equipment 
requirements. 
The investigation was divided into five sections: 
(a) opening of the ore, (b) preparation of the extractor 
feed solution, (c) separation of niobium and tantalum, 
(d) solvent treatment and recovery, and (e) final conversion 
of products. 
Opening of the Ore 
5 
The source material for the earth oxides was a colurnbite 
ore concentrate from Nigeria. The analysis of the ore used 
in this investigation was made by the Ledoux Company and is 
shown in Table 1. 
The ore concentrate, as received, was mostly retained on 
a 65-mesh Tyler screen. Initial experiments on this 11as 
received" ore indicated that a smaller particle size was 
necessary for reasonable reaction rates. The ore concentrate 
was then ground ~o pass 325 mes~ in a Raymond hammer mill 
pulverizer. 
Table 1. Ledoux analysis of Nigerian columbite ore 
Constituent 
Nb2o5 
Ta2o5 
FeO 
MnO 
Ti02 
Sn02 
H20 
Per Cent 
61.93 
9.80 
18.65 
1.51 
3.48 
2.86 
0.01 
95.24 
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Acid dissolution of columbite ore 
The .columbite ore concentrate could be dissolved in 
sulfuric or hydrofluoric acids~ but in order to obtain 
economical separation of niobium and tantalum the final feed 
solution must be niobium and tantalum fluoride. Each acid 
was tested in so~e detail and the resulting procedures 
compared. It was desirable to eliminate filtration steps 
since experience with the fusion process showed that 
filtrations of various niobium and tantalum salts were 
extremely troublesome. 
Dissolution of columbite ore in concentrated sulfuric 
acid was only moderately successful. Employing an acid to 
ore weight ratio of five to one and heating at 300°0. for 
one-half hour yielded 50 to 70 per cent reaction of the ore. 
When the sulfur1c acid-columbj_te ore reaction mass was 
diluted approximatel:>• fifteen fold Nith water, niobic and 
tantalic acids (commonly called earth acids) were precipitated 
while the iron and other gangue materials of the ore went 
into solution as su~~ates. Filtration of the e~rth acids 
and unreacted ore was very troublesome because .6f the 
gelatinous natu~e of the cake. If the reaction mass were 
filtered before dilution and then the filtrate and cake 
diluted with water separately, two earth acid fractions could 
be obtained . The fraction recovered from the filtrate 
dilution was approximately 90 per cent niobium while the 
fraction from the cake assayed 80-90 per cent tantalum. The 
starting columbite ore for the above experiment was an 
Argentina ore which af~sayed 50 per cent Nb2o5 and 17 per 
cent Ta2o5 • Hm~ever, this procedure doubled the filtration 
difficulty because both cakes wer•e again very gelatinous. 
It was first determined by vl:ilhelm (2) that niobium-
tantalum ores could be successfully opened by hydrofluoric 
acid o Wilhelm's tests indicated that 90 per cent reaction 
of the ore was possible when a 100 per cent excess of cold 
70 per cent hydrofluoric acid was shaken with ore concen-
trate " for 8--12 hours. 
Dissolution of the ore concentrate in hydrofluoric 
acid was attractive because of the direct conversion to the 
desired niobium and tantalum fluorides. However, excess 
hydrofluoric acid was known to decrease separation factors 
in the extraction process and hence was undesirable. 
Hydrofluoric acid requi~ements for the Nigerian columbite ore 
\. 
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were calculated and are shown in Table 2. 
Table 2. Seventy per cent hydrofluoric acid requirements of 
Nigerian columbite ore 
Basis: 100 grams ore 
Constituent Weight Weight 
70 per cent 
as oxide as fluoride as oxide as fluoride hydrofluoric 
acid 
Nb2o5 H2NbOF5 61.93 95.95 66.57 
Ta2o5 H2TaF7 6 80 ' . 9.73 3.09 
FeO FeF2 18.65 24.36 14.83 
MnO MnF2 1.51 1.98 1.21 
Ti02 TiF4 3.48 5.40 4.99 
Sno2 SnF4 2.86 3.70 1.09 
H2o 0.01 
95.24 141.12 91.78 
As can be seen from Table 2, 100 grams of this particular 
columbite ore required approximately 92 grams of 70 per cent 
hydrofluoric acid. Since about five per cent of the ore was 
unaccounted for by the Ledoux analysis, it was arbitrarily 
decided to increase the requirements to a one to one weight 
ratio. 
Experiments were run to verify Wilhelm's results. The 
first tests indicated that even with a large excess of 
hydrofluoric acid, the reaction mass was viscou~. Diethyl 
ketone was added to increase the fluidity of the reactants. 
The results obtained are shown in Table 3. It should be 
noted here that the hydrofluoric acid concentration in all of 
the following work was 70 per cent unless otherwise stated. 
Henceforth, when hydrofluoric acid is mentione~, the 70 per 
cent variety is inferred. 
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Table 3. The effect of diethyl ketone on the hydrofluoric 
acid-columbite ore reaction 
Ore Hydrofluoric acid Diethyl 
grams ketone Per cent Hours 
milliliters per cent milliliters reaction of 
reaction 
10 15 75 25 79.5 12 
10 15 75 92.4 12 
10 10 25 25 68.8 23 
10 10 25 90.4 23 
10 7.5 0 25 55.9 23 
10 7.5 0 81.7 23 
The columbite ore in the previous experiments was the 
Argentina oreo Hydrofluoric acid requirements for this ore 
were such that 7.5 milliliters was necessary for ten grams. 
Also, it is noted here that diethyl ketone was used in many of 
the early experiments. A plentiful supply was at hand and 
since it belonged to the same class of compounds as hexone, it 
was considered immaterial which was actually used. 
The results of Table 3 showed that the presence of diethyl 
ketone decreased the amount of reaction. Apparently the 
diethyl ketone acted as a diluent. It was also apparent that 
excess hydrofluoric acid was necessary for economical reaction 
rates. The solutions containing the diethyl ketone were more 
easily filtered than the solutions containing only hydrofluoric 
acid. Furthermore, only one phase was noted which indicated 
the diethyl ketone had extracted the hydrofluoric acid and the 
niobium and tantalum fluorides. Neutralization of a portion 
of the organic ketone product resulted in the precipitation 
of relativel¥ pure niobium and tantalum oxides (commonly called 
earth oxides). Earth oxides recovered from the aqueous solutions 
were colored brown instead of the usual white. The brown 
color was caused by iron and other impurities in the oxides. 
It appeared that the extraction of the niobium and tantalum 
fluorides into an organic solvent after the ore had been reacted 
with hydrofluoric acid would result in a simple procedure 
for eliminating the gangue materials of the ore. 
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In a second series of experiments various mixtures of 
hydrofluoric acid and concentrated sulfuric acid were reacted 
with 10 grams of columbite ore. It was thought that the 
sulfuric acid would react with the various fluorides as 
they formed to generate more hydrofluoric acid for attacking 
the ore. The results of this experiment are shown in Table 4. 
The results of Tab l e 4 showed that the presence of 
another liquid again acted as a diluent for the hydrofluoric 
acid. Direct comparison of the results in which 75 per cent 
excess acid was used revealed that sulfuric acid decreased 
the amount of reaction as much as ten per cent as compared to 
when no diluent was added. On the other hand, sulfuric acid 
dilution resulted in three to five per cent more reaction 
than when diethyl ketone was the diluent. 
Table 4. Effect of sulfuric acid on the hydrofluoric acid 
treatment of columbite ore 
Ore Hydrof l uoric acid Sulfuric acid Per Hours 
grams milliliters per cent milliliters cent of 
excess reaction reaction 
10 20 146 20 86.3 11 10 .. 20 146 20 88.0 14.5 
10 15 75 25 81.9 11 
10" 15 75 25 84.4 14.5 
10 10 25 30 79.0 11 
10 io 25 30 81.0 14.5 
10 7.5 0 32.5 11 
10 7.5 0 32.5 70.9 14.5 
Addition of sul furic acid to the reaction mass of hydro-
fluoric acid and columbite ore eliminated the possibility of 
extracting the earth acid fluorides from the reaction mass wi~th 
an organic solvent. The large amount of sulfuric acid 
resulted in two liquid phases when diethy& ketone was added. 
Phase separation was poor and made recovery of the unreacted 
ore residue and the earth acids impossible. The blank space 
in Table 4 was the result of following this procedure. Attempts 
to reduce the amount of sulfuric acid were not successful. 
As long as any sulfuric acid was present, two phases were 
obtained when diethyl ketone was added to the reaction mass. 
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Attempts were made to react columbite ore with anhydrous 
hydrofluoric acid in both sealed and open systems. A sealed 
bomb reactor and a rotary kiln type furnace were used in these 
experiments. The conditions and results of these experiments 
are shown in Table 5. 
Table 5. Reaction of Nigerian columbite ore with anhydrous 
hydrofluoric acid 
System 
Closed 
Closed 
Open 
Open 
Open 
Time of run 
hours 
0.5 
1.0 
4.0 
4.0 
6.0 
Temperature Per cent 
0 c. reaction 
100 43 
200 70 
200 0 
500 0 
800 10 
As can be seen from Table 5, the reaction of columbite ore 
and anhydrous hydrofluoric acid worked better in a closed 
system than in an open system. The reaction rates shown for 
the closed system probably could have been higher. Stains on 
the lead gasket indicated hydrofluoric acid loss. Also, no 
fumes of hydrofluoric acid were noted when the closed reactors 
were opened. For the open reactions no weight loss was noted 
in the first two cases reported. Leaching of the ore after 
reaction with both water and hexone resulted in no oxide 
recovered. It was concluded from these tests that a gaseous 
hydrofluoric acid-columbite ore reaction was feasible but 
only when it was run under pressure in a closed reactor. 
Dissolution of the columbite ore in hot 70 per cent 
hydrofluoric acid was found to be the most desirable method 
tested. A Fluorothene beaker and cover were used in these 
experiments. A stirrer rod and paddle were fabricated from 
rigid polyvinyl chloride, sold under the trade name 11 Lucoflex 11 , 
and was inserted through a small hole in the center of the 
cover. The heat source was a hot plate calibrated to 
continuously operate at 100°C. 
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Aqueous 70 per cent hydrofluoric acid was added to the 
ore concentrate and allowed to react for various lengths of 
time, forming a slurry of fluorides and unreacted ore. At 
the end of the reaction period hexone was added to the 
slurry to extract the niobium and tantalum fluorides. The 
solution was allowed to cool and was then filtered in a 
polyethylene buchner funnel to remove the solids and produce 
a clear filtrate. The fluoride cake was washed counter-
currently with hexone solutions from previous reactions, the 
last wash being fresh hexone acidified to one normal with 
hydrofluoric acid. 
In order to use the hydrofluoric acid most effectively, 
it was decided to add an excess of ore to the reaction vessel. ' 
It was hoped that this method of operation would reduce loss 
of the acid by volatilization and also tend to keep the free 
hydrofluoric acid content of the hexone solution as low as 
possible. In the first experiments 82 milliliters of 70 per 
cent hydrofluoric acid were reacted with 125 grams of columbite 
ore. This ratio of acid to ore was such that a 25 per cent 
excess of ore was present. The results of these and later 
experiments under other conditions are presented in Table 6. 
Table 6. Reactions of 70 per cent hydrofluoric acid and 
columbite ore at 100°C. 
Run Acid/ ore Time of run Per cent 
number V~reight ratio hours reaction 
2 0.8 1 46.0 
3 0.8 2 65.0 
4 0.8 4 94.8 
5 Oe8 4 94.8 
6 0.8 4 90.6 
7 0.8 4 88.0 
8 0.8 4 70.3 
9 0.8 · 4 76.1 
10 0.9 4 72.8 
11 1~2 93 99.3 
12 0.8 9 90.7 
13 1.1 12 99.0 
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The amount of reaction was determined by dissolving the filter 
cake in water and/or acid and weighing the unreacted ore. 
The data in Table 6 show that four hours was apparently 
a reasonable reaction time. Undoubtedly, some hydcofluoric acid 
was lost by volatilization under the conditions employed. It 
is believed safe to assume~ then, that a reaction time of four 
hours in a suitable vessel, designed to eliminate hydrofluoric 
acid losses, would give nearly a complete reaction of the 
oreo The low values reported in runs 7-10 were the result of 
dissolving the cake in water alone. Some fluoride residue 
was noted in the unreacted ore from these runs so that the 
per cent reaction was probably highero For the basis of future 
calculations, a reaction time of four hours and a 100 per 
cent opening of the ore will be used. Volume requirements 
for the reaction vessel were determined to be 0.192 gallons 
per pound of ore processedo 
Preparation of the Extractor Feed Solution 
In general the source materials for niobium and tantalum 
contained about 20 per cent total iron and manganese and 
roughly five per cent tin and titaniumo In order that final 
purity of the niobium and tantalum be high, it was necessary 
to eliminate these foreign materials as early as possible in 
the extraction procedure~ Early experiments utilizing 
aqueous feed solutions showed iron to be present in tantalum 
to the extent of 0.25 to Oo50 per cento The elimination of 
titanium was especial ly desirable since it associated itself 
with niobium and its removal necessitated a separation which 
is achieved with great difficultyo 
Countercurrent l eaching with hexone 
Direct filtration of the hydrofluoric acid-columbite 
ore reaction mass resulted in incomplete recovery of the 
niobium and tantalum fluorideso Complete recovery was 
effected when the filter cake was washed with water but this 
procedure a lso dissolved the iron, manganese, titanium, and 
tin fluorides which contaminated and diluted the original 
solution. Washing the aqueous fluoride cake with hydrofluoric 
acid was moderate ly successful but this scheme proved 
uneconomical as the hydrofluoric acid requirements became 
excessive. 
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Leaching the reaction mass wi tl!i·. hexone proved to be the 
most effective method tested~ Four countercurrent leaches 
were employed for each reaction mass~ The final leach in 
each case was either fresh hexone or hexone acidified to one 
normal with hydrofluoric acid. 
The first leach was made by mixing the second leach 
solution from a previous run directly with the reaction mass. 
The slurry was then filtered to apparent dryness on a 
polyethylene Buchner funnel. In all cases the first leach 
resulted in recovering 70 per cent or more of the niobium-
tantalum fraction of the ore. The filtrate volume from the 
first leach increased 25 per cent over the amount of hexone 
originally addedo No significant inoreases were noted in 
any of the volumes of the following three leacheso The 
second leach was made by transferring the filter cake back 
to the reactor and mixing thoroughly with the third leach 
solution from a previous run. This solution usually contained 
about 16 per cent of the niobium and tantalum. Repeating the 
above procedure for the third leach resulted in a solution 
containing 6-7 per cent Of the niobium and tantalumo 
When the fourth leach was made with fresh hexone 6 very 
little niobium and tantalum was found in the filtrate. 
However, if the fresh hexone were first acidified to one 
normal with hydrofluoric acid, 2-3 per cent more of the 
niobium and tantalum was recovered. 
Filtration difficulties ceased when the hexone leach 
procedure was used. Attempts to filter the aqueous reaction 
mass failed as the cake set up on the filter before complete 
recovery of the liquid coul d be effected. Filtering the 
reaction mass hot eliminated some of this difficulty but the 
problem of recovery still remainedo 
When the first organic leach solution was filtered~ the 
solids always came out of the reactor intacto This first 
filter cake resembled a piece of gelatin until all of the 
liquid was removed. Subsequent filter cakes were then very 
granular in nature and filtered with great ease. The color 
of the filter cakes progressed from a dark brown after the 
first filtration to a light tan after the final filtration. 
Detailed filtration studies were not conducted on the 
above filter cakeso The characteristics of the cakes w~re 
such that high filtration rates were always effected and 
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hence a detailed study was not necessary. Each filter cake 
was filtered four times~ once after each washing. By 
calculation~ a filter area of 0.791 square feet per pound of 
ore processed based on a cake thickness of one inch was 
determined necessary. 
The washing or leach:l.ng of the filter cake was 
determined to be an important part of the process. Counter-
current washing$ as carried out on the bench scale, repeatedly 
yielded recovery of 95-96 per cent of the niobium and 
tantalum in the ore. To yield the same results on a larger 
scale, it was determined that a filter such as the Bird P·rayon 
or Eimco Pan would be necessary. These filters have the 
reputation of high cake washing efficiency and sharp 
separation of filtrates, two features which fit in well with 
the proposed procedure~ Because of the corrosiveness of 
hydrofluoric acid and the toxicity and inflammability of 
hexone, such a filter would be completely enclosed. The 
whole unit could be constructed of monel but a cheaper 
method would be to employ plastics and plastic coatings. 
Before any mRterial of c~nstruction is chosen, it is 
recommended that corrosion tests be made. 
The wet cake contained 0.18-0.20 pounds of hexone per 
pound of solidso For economical operation this hexone should 
be recovered. Drying of the fluoride cake was not investi-
gated. 
Separation of Niobium and Tantalum 
Conditions for the separation of niobium and tantalum 
were determined by simulated column runs. Both diethyl 
ketone and hexone were used in these runs. Nine simulated 
column runs were made under varying conditions. In all 
cases the niobium and tantalum were present with excess 
hydrofluoric acid in the organic phase. Various concentrations 
of sulfuric acid were tested as the aqueous scrub solution. 
The tanta lum preferentially remained in the solvent while the 
niobium and minor imp~rities were scrubbed into the aqueous 
raffinate. 
Single stage extractions with hexone 
Single stage liquid-liquid extractions were used to 
obtain distribution coefficients of pure tantalum and pure 
niobium in hydrofluoric acid solutions with hexoneo Two 
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primary stock solutions of tantalum were made by dissolving 
tantalum oxide, in one case# and tantalum metal, in the 
second case, in hydrofluoric ac·td,; .. The solution made from the 
tantalum oxide analyzed 595 grams oxide per liter while the 
solution made from the tantalum metal analyzed 1176 grams 
oxide per liter. A third tantalum stodk solution was made 
by adding hydrofluoric acid to a portion of the second 
tantalum solutiono This stock solution, which analyzed 
989 grams oxide per liter, was an attempt to prepare a 
solution one normal in excess hydrofluoric acid. All of 
these solutions remained stable for over a year. A 
primary stock solution of niobium was made by dissol ving 
niobium oxide in hydrofluoric acido This solution assayed 
598 grams oxide per litero A portion of the ni0bium solution 
was evaporated yielding a second stock solution of 852 grams 
oxide per liter. The niobium stock solutions were unstable 
as precipitation started a few days after preparation. These 
stock solutions and various water dilutions were used as 
feed solutions for the single stage extractions. 
Extractions were made by shaking equal volumes of feed 
solution and virgin hexone in a polyethylene container. 
All shake ups were made for two minutes even though no 
further changes in distribution were noted after 30 seconds. 
The phases wel"e then separ'ated in a polyethylene separatory 
funnel and stored in polyethylene bottles for analysis. The 
analytical procedures used a:r•e discussed in Appendix A. 
Distribution data for the three tantalum stock solutions 
and the two niobium stock solutions are shown in Figure 2. 
The concentrations in Figure 2 are shown in moles per liter 
to allow for more direct comparisonQ The data for these 
curves are tabulated in Table 20 in Appendix B. 
An aoournte determination of the excess hydrofluoric 
acid concentra tion was desired for the primary stock 
solutionsQ The best procedure found for the excess hydrofluoric 
acid concentration was by the determination of the fluoride 
ion by a modified Willard and Winter (3) analysis. This 
method was found satisfactory on standard solutions of 
tantalum and niobium in hydrofluoric acid and is presented in 
Appendix Ao 
Figure 2 shows that an increase in excess hydrofluoric 
acid concentration increased both the tantalum and niobium 
distribution coefficients. It is also apparent that the 
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niobium distribution is more affected by an increase in acid 
concentration than is the tantalum. Foos (4) has presented 
a possible explanation for the lack of preferential extraction 
of tantalum . at higher hydrofluoric acid concentrations by the 
following reactions. 
7 HF + H3~:rao4 H2TaF7 + 4H2o (1) 
5 HF + H3Nb04 H2NbOF5 + 3H20 (2) 
2 HF + H NbOF 2 5 H2NbF7 + H20 (3) 
The products of reactions 1 and 3 are very similar while 
the niobium and tantalum salts from reactions 1 and 2 are 
quite differento It would be expected that the relative 
extractability of fluotantalates and the fluoniobiates might 
be similar while for the fluotantalates and t he pentafluoniobiates 
it might be different. Thus if an amount of hydrofluoric acid 
insufficient to yield appreciable amounts of reaction 3 were 
present, considerable difference in niobium and t antalum 
extractability should result . 
A research paper by Werning and associates (5) also 
reported da.ta on the extractability of tantalum and niobium 
at various hydrofluoric acid concentrations. This work 
showed that tantalum extractab:l.lity apparently reached a 
maximum at about six normal hydrofluoric acid while the 
extractability of niobium continued to increase at hydrofluoric 
acid concentrations as high as 15 normal. 
Figure 2 also revealed that an increase in concentration 
also increased the distribution coefficient of both tantalum 
and niobiumo However, it; is interesting to note that the 
niobium distributio~ coefficient apparently increased until 
the aqueous solution was approximately one molar and then 
remained constanto This same effect is also noted for the 
tantalum distribution coefficient until the aqueous solution 
was approximately Oo5 mola.:;:·. 
The middle curve on Figure 2 presented an interesting topic 
for discussiono The fluoride ion determination revealed that 
the species HTaF6 was present with no excess hydrofluoric acid. 
The proximity of this curve to the other tantalum curves showed 
that HTaF6 was not as extractable as H2TaF7 e It has been 
suggested many times that tantalum and niobium fluorides are 
extracted by ketones tbr•ough hydrogen bonding. If this be the 
case then~ it follows that the HTaF6 species is not as 
extractable as H2TaF7 because of the deficiency of hydrogen. 
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Simulated column runs using diethyl ketone 
A diethyl ketone solution containing 209 grams 
liter and assaying 4198 per cent tantalum oxide and 
cent niobium oxide was used in the following tests. 
fluoride determination also showed this solution to 
normal in excess hydrofluoric acid. 
oxide per 
58.2 per 
A 
be three 
Since the distribution coefficient of niobium increased 
more than the distribution coefficient of tantalum at 
increased concentrations~ it would be expected that the 
separation factors '!!"WOuld increase with decreased niobium-
tantalum concentrations. To check this conclusion a series 
of one stage extractions wer•e made with the above diethyl 
ketone solution. One molar sulfuric acid was employed as 
the aqueous phase in ·chis test o The results of these one 
stage shake ups are shown in Figure 3 and Table 7. 
Figure 3 shows that the tantalum-niobium separation 
factor increased very r•apidly when the ini tia 1 feed concen-
tration was dec:t•eased be low 100 grams oxide per liter. 
However» even at cor.(;rantJ."a~ions abo·ve 200 grams oxide per 
liter. a separation facto~ of over 130 was present. 
It can be seen from Table 7 that all of the organic 
phases analyzed 90 per cent or more tantalum oxide. Similarly 
all of the aqueous phases contained 90 per cent or more 
niobium oxide. In Y;:l.ew of the high separation factors 
obtained, this phenomenon was to be expectedo 
A fuethod for predicting the separation of niobium and 
tantalum by liquid extraction was desired. Since the organic 
phase was tantalum--rich and the aqueous phase was niobium-rich 
after only one contact, it was thought that the pure 
component curves from Figure 2 could be used for this 
prediction. Hov-1ever, no completely successful method was 
found. 
Tantalum distribution coefficients calculated from 
Figure 2 were usually less than oneo It can be seen from 
Table 7 that the tantalum distribution coefficients ranged 
from 14 to 120. It appeared that at ctower excess hydrofluoric 
acid concentration the niobium acted as a salting out agent 
for the tantalum which necessarily increased the tantalum 
distribution coefficient. This salting out effect is also 
apparently more pronounced when the feed concentration is 
decreased. 
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Figure 3. Effect of initial feed concentration in 
diethyl ketone on tantalum-niobium sepa-
ration factors. 
Table 7. Eqtdllbrillm contncta with Ya.r,r1ng oxide concentrAtion 1n d1etlq'1 ketone 
and one molar sulfuric acid 
Cone. of Organic phase Aqu.eol.UI pha9e 
feed (grp..ms Grt-JnS Per cent Grams Gra::~s GrpJ!IS Per cent Or~• ::r'l'a l)."b j3 
oxidea/1) Gr;;?.!MI oxides/1 '1'"205 ":~05/l 1ib205/l oxides/1 ?ib2c5 ~05{1 h~2c5/1 
209 113~1~- 91.o4 103.2 10.2 100.2 92.87 7.2 93.4 14.4 0.109 132 
183 98.6 90.05 ss.s 9.8 87.2 95-59 ;.s 83.4 23.0 0.11S 196 
157 so.6 92.02 74.2 6.4 .. 69.7 96.78 2.2 67-5 33-1 0.095 347 
131 66.8 94.47 6).1 3·7 63.6 97-57 1.6 62.o 4o.r o.o59 6ss 
104.5 51.2 95-ll 48.7 2.5 49.6 98.20 o.g 48.7 54-7 0.051 1o66 
52-3 24.9 96.76 24.1 o.s 24.1 99.15 0.2 23.9 120.5 o.o;4 35~ 
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Since the system sulfuric acid-tantalum and niobium 
fluorides-diethyl ketone was too complicated for calculation 
of stage requirements for equilibrium data by standard methods, 
extraction stages were determined empirically by a series of 
simulated column extractions. These simulated column's were 
used to provide the same data as a countercurrent extraction 
by the use of polyethylene separatory funnels as extraction 
stages. The flow pattern was arranged to simulate counter-
current flow of solvent and §ul~uric acid. 
A fractional extraction technique was used in which the 
feed was introduced at an i ntermediate point in the extractor. 
The organic solvent and an aqueous scrub solution were fed to 
opposite ends of the extractor. 
In the analysis of the extraction operation the mixer-
settler was divided into extraction and scrub sections. The 
region between the solvent entry point and the feed stage 
was taken as the extraction section. The action of the 
solvent was to reduce the amount of tantalum leaving *1tb:ithe 
r~ffinate solutiono In the feed stage essentially all of 
the niobium along with some tantalum was transferred to the 
scrub solution entering t he extraction section. The function 
of the extraction section was to prevent any of the tantalum 
from leaving the extraction unit in the raffinate. The 
entering solvent progressively extracted the tantalum and 
niobium from the aqueous phase and carried back to the feed 
stage all the tantalum l eaving the feed stage. Since the solvent 
preferentially extracted tantalum, the aqueous phase grew 
progressively richer in niobium although both materials were 
being transferred to the solvent. Thus a tantalum-free 
niobium concentrate left the extractor in the aqueous phase, 
or raffinate. 
The scrub section was defined as the region from the 
solvent entry to the feed stage. The solvent entering the 
scrub section came from two sources, the feed and the organic 
solution from the extraction section. The action of the scrub 
solution was to progressively decrease the relative concen-
tration of niobium in the solvent since the scrub solution 
preferentially extracted niobiumo Thus as the solvent passed 
through the scrub section, both niobium and tantalum were 
transferred to the scrub solution, but the preferential action 
of the scrub removed relatively more niobium, leaving niobium-
free tantalum in the exit solvent phase. 
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Five simulated co lumn runs were made with the diethyl 
ketone feed solution . The apparatus used in these 
simulated column r uns was unique and warrants a short 
description. The mixing and separatory funnels were made 
from ordinary po l yethyle ne ''Tupperware" 16 ounce cups. A 
one inch piece of t hree-eights diameter polyethylene tubing 
was welded to the bo tt om of each cup. A hole was bored 
through the bottom of the cup to coincide with the inside 
diameter of t he tubing. Anot her short piece of tygon 
tubing was fi r mly attached t o the polyethylene tubing. 
Pinching the tygon t ubing wi th a pinch clamp provided an 
effective s t opcock . A corrosion resistant stirrer was 
made by we l ding a polyethylene paddle to a polyethylene 
coated stainless stee l rod. A t hin sheet of polyethylene 
was used to cover each mixing t ube to minimize losses by 
volatilization a nd s p lashing. 
The first extrac t i on test was made in an eight-stage 
simulated column unde r the fo l lowing conditions: 
Feed: 30 milliliters of die thyl ketone feed solution 
added at stage five. 
Scrub : 120 millilite rs of one molar sulfuric acid added 
at stage one . 
Organic: 30 milliliters of diethyl ketone added at 
stage eight . 
This type of operation ~ave f ive scrub stages with an organic 
(0) to aque ous scrub (A) vo lume t r i c flow rate ratio of 1/2 
and three extraction stages wi th 0/A = 1/4. 
Af t er twenty-nine cycles t he run was stopped and the 
column was samp l ed stagewise. These data are presented in 
Table 8. The aqueous product fr om stage eight analyzed 
>99.93 per cent niobium oxi de or less than 700 parts per 
million (ppm) tantalum oxide which was the limit of 
detection of t ant alum oxi de. The organic product from 
stage one analyze d approximately 99.95 per cent tantalum 
oxide. The limi t of detec t i on was 100 ppm niobium oxide ~n 
tantalum oxi de a nd it wa s concluded that separation was 
not totally effect ed under the~e conditions. 
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Table 8. Stagewise analyses for the first niobium-tantalum 
simulated column run using diethyl ketone 
Stage 
Organic phase Aqueous · phase 
number Volume Grams Per cent Volume Grams Per cent 
(ml) oxide/ Ta2o5 (ml) oxide/ Nb2o5 liter liter 
1 23.25 60.82 99.95 62.0 12.85 0.10 
2 23.5 83.22 99.95 60.0 20.23 0~10 
3 26.5 94.30 99.95 64.5 23.00 0.10 
4 24.0 104.0 99.95 62.6 17.18 0.76 
5 26.5 83.70 66.73 65.0 28.08 98.02' 
6 14.0 24.24 96.09 63.0 22.95 99.00 
7 14.5 4.61 43.17 65.0 21.73 >99.93 
8 14.0 2.88 0.01 62.0 21.22 >99.93 
Since the organic product contained about 500 ppm 
niobium, expressed as oxides, instead of less than 100 
ppm as desired, other operating conditions were studied in 
an attempt to produce purer tantalum. It was noted in Table 8 
that the aqueous streams from stages seven and eight contained 
spectrographically pure niobium. This indicated that stage 
eight was not necessary to the extractor. It was also noted 
that the compositions of the organic phases in stages one 
through four remained essentially constant in tantalum content. 
Similarly the compositions of the aqueous phases in stages 
one through three remained constant. This indicated very 
little separation was occurring. A check of the separation 
factors for the first three stages confirmed this fact. 
Separation factors of lo5-2.7 were calculated for the first 
three stages while this factor increased rapidly to 77~5 in 
stage four and 98.5 in stage five. 
The data of Table 8 also revealed that the scrub section 
of the extractor contained essentially all tantalum and the 
extraction section all niobium. Thus a large amount of solute 
was recycled in both sections of the extractor. This was 
desirable since it was known that a large amount of solute 
recycling was necessary to obtain pure end products. · "ll!nce 
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the tantalum product was not as pure as desired, it was 
evident that t he amount of s olute refluxing had to be 
1ncreased, at least i n the scr ub section. It was decided 
to increase t he s olute recycle by adding more stages on 
that section of the col umn. 
From t he information gained on the first simulated 
column run t he conditions for the second test were set as 
follows: 
Feed: 35 millili ter s of diethyl ketone feed 
solution added at stage seven. 
Scrub; 140 milliliter s of one molar sulfuric acid 
added at stage o~e . 
Organic: 35 mi lliliters of diethyl ketone added at 
s tage nine. 
The column then consisted of seven s crub stages with 0/A = 1/2 
and t wo extraction stages with 0/A = 1/4. Fifty cycles of 
this run were made, after which , the stages were analyzed. 
The results are present ed in Tab l e 9o 
The da t a showed in this ca se t hat neither pure niobium 
nor tanta lum wa s produced . Ever y te nth cycle product was 
analyzed a nd the r esults confirmed t he stagewise data. It 
can be seen that the analys i s of t he organic phase in stage 
four i ndica t ed pure tantalum wa s pr esent in this stage. Th~ 
indicated that a small amount of niobium contamination was 
introduced wi th the scrub . However, a check of the scrub 
solution showed no niobium contami nat ion present. It was 
concluded t hat either the analyses were in error or the 
one molar sulfuric acid concentrat ion was too high to effect 
a large amount of solute r ecycle. Since duplicate analyses 
were run and ea ch checked wi t hin 10 per cent, it was decided 
to reduce t he su l furic acid concentra t ion of the scrub. 
Phase s eparation was slow when water and 0.05 molar 
hydrofluori c acid were used as s crub salutions. Adequate 
settling rates were found when 0.10 normal sulfuric acid 
was tried. I n t he f irs t t wo runs noticeable volume changes 
occurred where f resh diethyl ketone and the sulfuric acid 
were added. Experiment s were made with various mixtures of 
virgin and equi l i brated diethyl ketone and sulfuric acid. 
The system which gave the least organic volume change was 
chosen. This requir ement was met by using virgin diethyl 
ketone and die thyl ketone equilibrated 0.10 normal sulfuric acid. 
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Table 9. St~gewise analyses for the second niobium-tantalum 
simulated column run using diethyl ketone 
Organic phase Aqueous phase 
Stage 
number .:VOlume Grams Per cent Volume Grams Per cen.t 
· (ml) oxide/ Ta2o5 (ml) oxide/ Nb2o5 liter liter 
1 24 .. 5 57 .. 01 99 .. 98 74 .. 2 12.59 o.o4 
2 27o9 79.38 99 .. 94 73 .. 0 19.61 0.02 
3 30.,0 94 .. 43 99o97 74.8 24 .. 61 0.03 
4 29.0 104 .. 9 >99 .. 99 73 .. 0 30.92 0.02 
5 32.0 115.9 99 .. 99 76.0 34.73 0.04 
6 29.8 122.6 99.98 72 .. 0 31.10 0.92 
7 32 .. 3 110o8 99 .. 68 75 .. 5 37.42 87.33 
8 16 .. 9 48ol2 97 .. 70 73.0 29.30 97.00 
9 17o4 7 .. 84 49 .. 54 75.0 24.66 99,60 
Two short simulated column runs were made to check the 
mass transfer and settling rates of the new system. Spectro-
graphically-pure niobium and tantalum were produced in these 
runs., Since only 12 cycles of each of these two runs were 
madea stagewise samples were not taken because it was 
doubtful that steady state had been approached.. However 1 the 
conditions of these two runs furnished enough information so 
that more specific conditions were set for the next test. 
A fifth diethy l ketone simulated column run was made under 
the following conditions: 
Feed~ 50 milliliters of diethyl ketone feed solution 
added at stage four .. 
Scrub: 100 milliliters of diethyl ketone equilibrated 
OolO normal sulfuric acid added at stage one. 
Organic : 50 milliliters of diethyl ketone added at 
stage seveno 
The extraction process was carried out for 100 cycles, although 
only the products from every tenth cycle were analyzed. Analyses 
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of the liquid phases in each stage were carried out after the 
extraction process was completed. 
The cycle analyses indicated that about 40 cycles of 
operation were required to closely approach steady state. These 
analyses showed that the niobium delivered in the aqueous product 
contained less than 700 ppm tantalum. These data were 
substantiated by t he stagewise data which appear in Table 10. 
It can be noted from the data in this table that the tantalum in 
the equilibrium organic phase of stages 1 1 2 and 3 was 
spectrographically free of niobium. Since high purity tantalum 
was obtained in these three end stages it is probable that the 
contamination of the tant a l um by niobium in the organic product 
phase was considerably less than 100 ppm, the lower limit of 
detection. 
Analyses of the aqueous product phase indicated that the 
niobium in this phase contained less than 700 ppm tantalum. 
Although this was the limit of detection for tantalum in 
niobium, it was estimated (6) that the niobium probably 
contained less than 300 ppm tantalum. 
Table 10. Stagewise analyses for the fifth niobium-tantalum 
simulated column run using diethyl ketone 
Stage 
Organic phase Aqueous phase 
number Volume Grams Per cent Volume Grams Per cent 
(ml) oxide/ Ta2o5 (ml) oxide/ Nb205 l iter liter 
1 43 .. 5 49.48 > 99.99 52.0 29.36 0.013 
2 43.3 80.43 > 99.99 51.5 43.14 0.020 
3 46.0 93.00 >99.99 55 . 0 42.01 3.33 
4 46.0 90.83 99.44 55.5 68.29 87.00 
5 27.0 40.62 90.38 56.0 54.93 96.55 
6 24.0 12.22 39.97 54.0 52.40 99.74 
7 26.2 5.21 4.09 54.0 51.54 > 99.93 
.The equilibrium stagewise data were plotted in Figure 4. 
Compatible operating line data were found in the extraction 
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Figure 4. Equilibrium diagram for the fifth 
diethyl ketone simulated column run. 
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section. The curvature of this line was explained by the 
volume changes noted in the data. The operating line for the 
first three stages of the scrub section defined a nearly 
straight line. However, the large amount of mass transfer 
which occurred near the feed stage undoubtedly caused volume 
changes which caused the operating line to curve a little. 
The position of the operating point between stage three and 
four could not be explained o The odd curvature of the 
equilibrium curve in the scrub section was probably the 
contributing factor for this ef~ect. 
Table 10 also revealed that the equilibrium aqueous 
concentration in stage three was less than the aqueous 
concentrations of stages two and four, It was apparent that 
something was be ing added in the feed which affected the 
scrub stage adjacent to the feed stage since this same effect 
can be noted in Tables 8 and 9. 
The excess hydrofluoric acid was determined in each 
organic and aqueous equilibrium phase. The results are shown 
in Table llo The total amount of fluoride was determined in 
each equilibrium pha seo From the analyses the amount of 
fluoride required for H2TaF7 and H2NbOF~ was calculated. 
The excess hydrofluoric acid concentration was determined by 
difference. Some negat ive excess hydrofluoric acid values were 
found in the scrub sect ion of the extractoro This probably 
meant that some HTaF6 w~s pre sent in these streams. This 
effect, however~ wa s determined to be helpful to the separation. 
Table 11. Stagewise excess hydrofluoric acid determination 
for the equilibrium phases of the fifth simulated 
column r un using diethyl ketone 
Stage 
Organic phase Aqueous phase 
number Total Hf Excess HF Total HF Excess HF 
(moles/1 ) (moles/1) (moles/1) (moles/1) 
1 1.403 -0.165 0.892 -0.038 
2 2ol31 -0.417 1 .. 468 0.1101 
3 2.656 -0.292 1.773 0.433 
4 3.275 0 .394 4o461 1.945 
5 2,090 0.912 4.197 2.142 
6 1.362 0.941 3.851 1.881 
7 1.016 0.821 3.170 1 .. 231 
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It was seen earlier in Figure 2 that HTaF6 was not as 
extractable as H2TaF7 e Hence, if some HTaF6 were present in 
the extractorp it would prefer the aqueous phase and thus 
increase the recycle of solutes. The equilibrium distribution 
of hydrofluoric acid between diethyl ketone and 0.1 normal 
sulfuric acid was determined. The values from Table 11 
piotted in a very irregular manner with this dat~ indicating 
that niobium and tantalum influenced the excess hydrofluoric 
acid equilibrium. 
The excess hydrofluoric acid concentration increased 
rapidly between the equilibrium aqueous phases of stages 
three and four. It was probable then that the acid concen-
tration affected the oxide concentration in these stages. 
Simulated column runs using hexone 
Hexone solutions containing various concentrations of 
niobium and tantalum oxides and excess hydrofluoric acid were 
used in these tests. The first simulated column run with 
hexone was a short test to check mass transfer and settling 
rates. The same flow rates that were used in the fifth 
diethyl lee tone run were used in this and following tests. The 
aqueous scrub solut i on was 0.1 normal sulfuric acid equilibrated 
with hexone. The organic extraction solution was virgin 
hexone. The feed solution for this run was a hexone solution 
containing 292 grams oxide per liter and assaying 16.1 per 
cent tantalum oxide and 83o9 per cent niobium oxide. The 
excess hydrofluoric acid concentration was determined to be 
4.4 normal. From this short test it appeared that hexone was 
identical to diethyl ketone as an extraction solvent as the 
mass transfer, settling rates, and end product purities were 
very similaro 
In the second simulated column run with hexone an attempt 
was made to study the effect of composition on the separation. 
A portion of the above feed solution was diluted with hexone 
to yield a Seed solut ion containing 209 grams oxide per 
liter and 3el5 normal in excess hydrofluoric acid concentration. 
The following conditions were followed for the second 
simulated column run using hexone: 
Feed: 50 milliliters of hexone feed solution added at 
stage four. 
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Scrub: 100 milliliters of hexone equilibrated 0.10 
normal sul furic acid added at stage one. 
Organicg 50 milliliters of diethyl ketone added at 
stage seven. 
Thirty cycles of this run were made 9 the run was stopped, and 
the equilibrium s tages analyzed. The results are presented 
in Table 12 and Fi gure 5 . 
Since the feed concentration~ excess hydrofluoric acid 
concentration 9 and extraction conditions were similar for 
the second hexone run and the fifth diethyl ketone run, 
comparison of the data from these runs indicated the effect 
of feed composit i on on the extraction. This comparison wa~ 
true if the di ethyl ketone and bexone were assumed to have 
equal extraction power for this system. A comparison of the 
equilibrium stagewise composition showed diethyl ketone a 
slight l y better extracting agent than hexone. However, since 
product purities were apparently identical 9 it was difficult 
to attach a significant difference between the extracting 
power of these wo ketones in this particular systemo 
The effect of composition on the extraction was clearly 
seen by comparing Figures 4 and 5 o Increasing the niobium 
content of the feed solution caused both equilibrium curves 
to shift. Since identical flow rates were used in both runs, 
the extraction equilibrium curve shifted to the right because 
of the increased niobium content in the aqueous phases~ 
Similarly the equilibrium curve f or the scrub section shifted 
to the left because of the decreased tantalum content in the 
scrub equilibrium aqueous phaseso Both equilibrium curves 
were shifted downward because of the decreased tantalum 
content in the equilibrium organic phaseso 
It can also be seen by a comparison of Figures 4 and 5 
that the operating and equilibrium curves for the scrub 
section of the two extraction runs were quite similaro On 
the other hand 9 the operating and equilibrium curves for the 
extraction section were different. The operating curves 
in both scrub sections were very nearly straight lines. 
This indicated that volume changes in this part of the 
extractor were virtually nonexistento The curvature of the 
extraction operating curve for the di e thyl ketone run 
indicated high diethy l ketone solubility in the sulfuric acid 
aqueous phase wher eas the curvature of the corresponding curve 
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Table 12. Stagewise analyses for the second niobium-tantalum 
simulated column run using hex one 
Stage 
Organic phase Aqueous phase 
number Volume Grams Per cent Volume Grams Per ce,nt 
(ml) oxide/ Ta2o5 (ml) oxide/ Nb2o5 liter liter 
1 43.8 16.88 /99.99 51.0 20.39 0.050 
2 46.0 39.14 >99o99 52.0 33.92 0.044 
3 45.5 53.69 53.3 36.83 7~43 )99.99 
4 45.0 57 .. 44 97.57 58.0 85.43 84.37 
5 25.5 28.64 82.65 56.0 81.59 97.67 
6 25.0 11.50 48.65 53.0 80.79 99.45 
7 26.,0 6.09 5.00 54.0 76.92 >99.93 
for the hexone run indicated an increase in the organic phase 
with a decrease ln the aqueous phase. These conclusions were 
verified by the data in Tables 10 and 12. It was unlikely, 
however, that the sulfuric acid aqueous phases in the hexone 
run were soluble in the organic phases to the extent shown 
by the curvature of the extraction operating line in Figure 5. 
It was more probable that the mass transfer between phases 
caused the volume changes. Since virgin hexone and diethyl 
ketone were fed in these experiments, some volume change was 
expected because of solubilityo The mass transfer which 
occurred between stages, then, apparently overshadowed the 
solubility of hexone in the acid phases resulting in increased 
organic volumes. For• diethyl ketone the mass transfer 
between stages was not great enough to counteract the 
solubility and decreased organic volumes resulted. For 
economical reasons hexone was preferred as the extracting 
agent over diethyl ketone because of the higher solvent 
recovery value and lower initial cost. 
A third simulated column run using hexone was made to 
study the effect of higher feed concentrations on the 
extraction. The feed solution previously used in hexone 
simulated column run number one was run in this experiment. 
The conditions of the run were as follows: 
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Feed: 50 milliliters of hexone feed solution added at 
stage fouro 
Scrub: 100 milliliters of hexone equilibrated 0.10 
normal sulfuric acid added at stage one. 
33 
Organic: 50 milliliters of hexone added at stage seven. 
Eighty-one products were taken off this run with the products 
from every tenth cycle analyzed. Analyses of the liquid 
phases in each stage were carried out after the extraction 
process was completed. 
The cycle analyses indicated that less than 20 cycles of 
o~eration were required to closely approach steady state. 
These analyses showed that the tantalum delivered in the 
organic extract contained less than 100 ppm niobium. The 
niobium raffinate was assayed and showed less than 700 ppm 
tantalum present. These data were confirmed by the stagewise 
data which appear in Table 13. 
For comparative purposes the stagewise data were plotted 
in Figure 6. As expected the higher concentration in the 
feed solution shifted the equilibrium curves. It was also 
noted that the reversal effects present in the diethyl 
ketone runs of the scrub stage adjacent to the feed stage were 
absento Apparently the excess hydrofluoric acid distribution 
between equilibrium phases was not as drastic as had been found 
in the diethyl ketone runs. 
The effect of feeding virgin hexone into the extractor 
was evident in Figure 6. Employing sulfuric acid equilibrated 
hexone in place of virgin hexone would probably remedy this 
situation and decrease the curvature of the operating line. 
It was desired to test the separation process as predicted 
by the preceding simulated column runs in a pilot plant 
extractor. Two large batches of hexone feed solution were 
prepared in the following manner. The Nigerian ore concentrate 
reported in Table 1 was the source material for the niobium and 
tantalum. 
One hundred and twenty-five pounds of this ore were mixed 
with cold hydrofluoric acid in two polyethylene carboys, one 
75 pound batch and one 50 pound batch. The reactants were 
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Table 13. Stagewise analyses for the third niobium-tantalum 
simulated column run using hex one 
Stage Organic Ehase Ag,ueous Ehase 
number Volume Grams Per cent Volume Grams Per cent 
(ml) oxide/ Ta2o5 (ml) oxide/ Nb205 liter liter 
1 38 .. 0 24o08 > 99.99 51.5 26.23 0~029 
2 40.3 54o39 99o985 52.5 49.09 0~135 
3 42.0 81.35 99.980 54o0 63.81 8.38 
4 45.5 95.85 94.41 56.0 131.43 79~02 
5 26.0 66o48 86.17 55.0 121.03 90~57 
6 26 .. 5 37.35 61.61 58.5 108.67 98.25 
7 26.3 18.48 24.49 56.5 107ol3 99.93 
shaken together for approximately one month. At the end of 
this period hexone was added and the solutions were filtered 
through saran cloth into a polyethylene carboy. Approximately 
one-half of the ore was found unreacted in the fluoride cake. 
Since the reaction was only 50 per cent effective the 
hexone feed solution contained a large excess of hydrofluoric 
acido Excess acid was undesirable because from the data of 
Figure 2 it was predicted that separation would be relatively 
poor. In addition, extraction employing this high acid feed 
solution was not a fair test for the process under consideration. 
It was hoped to follow the conditions set forth earlier for 
the preparation of the extractor feed solution. This was not 
always possible because of the lack of suitable equipment in 
the laboratory. 
It was found that a one-stage extraction employing one 
volume of concentrated sulfuric acid to 10-15 volumes of the 
high acid hexone feed solution was suitable for removing most 
of the hydrofluoric acid. This extraction also served to remove 
iron, manganese, and some niobium from the feed solutiono In 
fact the oxide concent.rat:ton of the feed solution increased 
during this extraction. A volume reduction of approximately 
10 per cent was also noted for the hexone solution. 
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Approximately 15 gallons of hexone feed solution were 
obtained by this method. The solution contained 305 grams 
oxide per liter assaying 14.0 per cent tantalum oxide and 
86.0 per cent niobium oxide. The excess hydrofluoric acid 
concentration was determined as 5.4 normal. The feed 
solution should have assayed 9.0 per cent tantalum oxide and 
91.0 per cent niobium oxide had the opening of the ore been 
complete. However, some niobium was lost when the feed 
solution was contacted with concentrated sulfuric acid. More 
loss occurred during the leaching process. Due to lack of 
suitable equipment, the leaching was not complete. Since 
tantalum extracted first, that which was left in the cake 
was mostly niobium. 
A 16•stage po~yethylene, mixer-settler extractor, 
deveilioped at this laboratory, was available. At first it 
was decided to use 13 of these stages in the test. In order 
to properly set the interface controls on the extractor, 
stagewise density data were necessary. A 13-stage simulated 
column run was started to obtain this information. The 
following conditions were followed: 
Feedt 50 milliliters of hexone feed solution added at 
stage seven. 
Scrub: 100 milliliters of hexone equilibrated 0.10 
normal sulfuric acid added at stage one. 
Organic: 50 milliliters of hexone added at stage thirteen. 
After 15 cycles of operation were completed, the concentration 
of the product streams was tested. The tantalum extract 
was found to contain only six grams oxide per liter. It was 
decided to reduce the total number of stages to nine so that 
a more concentrated produ~t could be realized. 
Rather than start a nine-stgge simulated column run it was 
decided to eliminate stages 1, 2, 12, and 13 of the run already 
in progress. The feed stage was now stage fiveo Ten more 
products were collected and the extractor sampled stagewise. 
~~data along with the density data are presented in Table 14. 
Equilibrium and operating curves are shown in Figure 7. 
The aqueous product from stage nine assayed 1.15 per cent 
tantalum oxide in niobium oxid~ indicating that steady state 
had not been reachedo The main purpose of the simulated column 
run was to obtain the density relations of the equilibrium phases. 
Table 14. 
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For the purpose intended, these data were suitable. However, 
it was also desired to obtain good equilibrium data so that a 
comparison between the predicted equilibrium and the actual 
equilibrium in the continuous extractor co.il.ld be made. It 
was probable that the steady state equilibrium conditions were 
close enough to the data in Table 14 so that a rerun of the 
simulated column was not warranted. 
Continuous countercurrent extraction run 
A 16-stage polyethylene, mixer-settler type extractor (7) 
was employed for the continuous extraction run. Since this 
extractor was still under development, this run also served 
·to test the operational characteristics of the extractor. Only 
ten stages of the extractor were actually used, nine stages 
for the extraction and the tenth stage as a raffinate overflow. 
Figure 8 is a photograph of the extractor. 
The continuous extraction run was carried out for eleven 
hours. The hexone feed solution was added at stage five at 
a rate of 44 milliliters per minute. Aqueous scrub was added 
at stage one and virgin hexone was added at stage nine at a 
rate of 88 and 44 milliliters per minut~ respectively. No 
difficulty was encountered with the interface control or 
settling of phases during the ~un. Attempts to run at higher 
flow rates caused settling dif~iculties in stages eight and 
nine. However, this difficulty was attributed to the 
extractor and not the system as the capacity of the extractor 
w.~s probably being exceeded. 
Before the liquid hold up in the extractor was displaced 
once., i.e., before one through-put, tantalum containing 
less than 100 ppm niobium was being produced in the extract 
product. After approximately two through-puts, the raffinate 
product contained niobium with less than 700 ppm tantalum. 
The difference in the time element before the pure products 
were noted was probably due to some contamination of the 
extraction solution while the flow rates were being adjusted. 
Higher flow rates than those finally settled upon were first 
attempted. The emulsion that formed in stages eight and 
nine caused some organic solution from the scrub section to 
back up into the extraction section which undoubtedly caused 
higher tantalum concentrations than ordinarily present. 
:F!:pr.e [@.. :PhlDlto-grca:ph o~ ·t lllle po·il.;Wr~i;Jj;fi~,n~ .TP:Y.~~Y'-.~-~ -t~j.er 
re:xt na:e·,t:o;r .• 
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At the end of the extraction run the equilibrium phases 
were removed from the extractor and assayed. The data 
obtained are presented in Table 15. It was apparent from 
these data that the actual equilibrium concentrations did not 
correspond to the predicted values. Periodip checks of the 
flow rates were made during the course of the run. For the 
first 10 hours the flow rates were essentially the same as 
those set at the starto However, the last check, made just 
before the run was stopped, showed that the feed rate had 
decreased to 25 milliliters per minute. During the last 
hour then, this flow rate changed drastically enough to affect 
the equilibrium of the extractor. Since the time necessary 
for one through-put was a little more than one hour, the 
change was still occurring when the extractor was stopped. 
The data in Table 15 confirmed this observation. 
Table 15. Stagewise analyses for niobium-tantalum continuous 
extraction run 
Stage Organic phase Aqueous phase 
number Grams oxide Per cent Grams oxide Per cent 
per liter Ta2o5 per liter Nb2o5 
1 25.35 > 99.99 14.15 0.12 
2 39.65 > 99.99 14.18 3.20 
3 40.73 99.97 11.27 44.69 
4 34.34 96.70 35.17 86.30 
5 60.12 47.03 125.9 96.70 
6 53.33 19.79 130.8 99.02 
7 49.80 7.35 132.1 99.61 
8 48.20 1.80 132.7 99.86 
9 39 .. 80 0.82 125.9 > 99.93 
The raffinate and extract product containers were changed 
periodically during the course of the run. These data 
confirmed that the extractor apparently operated close to the 
predicted equilibrium as shown by the raffinate and extract 
concentrations. For the first ten hours of the run the extract 
and raffinate streams averaged 22 and 108 grams oxide per 
lite~ respectively. 
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The sulfuric acid raffinate from the first extractor 
contained the niobium and the minor impurities present. In 
order to produce reactor-grade niobium oxide, it was desired 
to separate the niobium and the minor impurities by a second 
extractiono Tests employing the simulated column technique 
showed that both a large volumetric flow rate of organic to 
aqueous and a large number of stages were necessary. 
Howeverg when a continuous extraction was made employing 
15 stages, a volumetric flow ratio of organic to aqueous of 
four to one was found to extract about 95 per cent of the 
niobium in the original feed. Since it was impossible to 
increase this flow ratio without exceeding the capacity of 
the extractor$ a vol umetric flow ratio of organic to aqueous of 
ten to one was chosen f or the purposes of the cost analysis. 
This value may be somewhat high but it provided a safety 
factor for the final cost estimate. 
Solvent Treatment and Recovery 
,Under normal conditions for a process employing a solvent 
separation process the extracted solute is stripped from the 
solvent by an aqueous s olutiono In most cases this stripping 
operation is sufficient to remove essentially all the solute 
and produce a solvent acceptable for reuse by direct recycle. 
For the case of tantalum and niobium in hexone, however, this 
method of operation was not aceeptable. Such large volumes of 
aqueous solution were necessary to strip the solute that hexone 
losses were high because of solubility. In addition the 
number of stages required exceeded the number necessary for 
the initial separationo 
Solvent recovery by stripping of the solute 
Various aqueous solutions were tested in an attempt to 
find a suitable stripping agent. Among the solutions tested 
were: distilled water; concentrated sulfuric acid, 0.05, 
0.10, 0.25$ loO» 2.0» 6.0 and 12.0 normal sulfuric acid, 
0.05, 0.10, 0.25, and 0650 normal hydrofluoric acidj 0.05, 
0.10, 0.25» ~o50, 1.0 and 2.0 normal ammonium bifluoride 
solutions; ammonium nitrate» sulfate, and chloride solutions, 
dilute mixtures of sulfuric and hydrofluoric acids, and a 
mixture of 2 normal ammonium bifluoride and one normal sulfuric 
acid. This last mixture along with the dilute sulfuric acid 
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solutions appeared to be the most promising solution. . However, 
in no case was the hexone found to be free of solute after 
the stripping operations. 
Flow rate ratios of strip solution to hexone as high as 
ten to one were employed in as many as nine stages. Under 
these extreme conditions very little hexone solution was 
usually produced as the solubility was quite high. With flow 
rate ratios of two, three, and five to one, appreciable solute 
was usually still found in the hexone. 
Solvent recovery by precipitation of the solute 
Precipitation of the solute in the hexone by the addition 
of ammonium hydroxide was found to be the most desirable 
method tested for solute removal. A slight excess of ammonium 
hydroxide over that required to precipitate the solute was 
added directly to the hexone. The precipitate was allowed to 
settle and the solution filtered. A two-phase filtrate 
resulted with about 7 per cent by volume being an aqueous 
phase. The two phases were separated and the aqueous 
solution discarded. The hexone was regenerated by equilibrating 
with a small volume of dilute sulfuric acid. Ninety-two per 
cent of the h~xone was recovered in this manner. Acid 
requirements were determined as 0.012 pounds sulfuric acid 
per pound of hexone regenerated. 
The scale at which these extractions were made did not 
allow for extensive tests on solvent recycling or degradation. 
Single-stage shake-up tests were made to compare the extracting 
power of virgin and regenerated hexone. The regenerated 
hexone was the better extraction agent in every case. In 
addition, volume changes were less severe. It was concluded 
that equilibrated hexone should be used for all the extractions 
and that regenerated hexone was suitable for reuse provided 
it was regenerated under the above conditions. 
Solvent losses 
The losses of solvent in the extraction process were 
quite small and therefore difficult to measure. Hexone 
losses by evaporation were undoubtedly present. However, if 
a closed extractor were employed, evaporation losses would be 
negligible. The principal sources of loss for hexone were 
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probably solubi lity i n the aqueous phase, entrainment by the 
leaving raffina t e $ and the eight per cent loss in the solute 
stripping operationo The reported sol ubility of hexone in 
water was 19o0 grams per l i t ers but it was found that solubility 
in acid was less t han in distilled water. For the purposes 
of the cost estimate , the overall s olvent l oss was estimated 
at 10 per cent of the initial amount required f or the 
extraction .. 
Final Convers ion of Products 
General requireme nts 
The pur ifi ed niobium and tantalum fracti ons were convebtsd 
to the hydroxides i n the solvent recovery scheme. Separation 
of the hydroxides from the -solvent was effected by filtration. 
It was necessary t o wash, dry, a nd ca l cine the hydroxides to 
tantalum and niobi um oxi des. For the pur poses of this proposed 
process the purified oxides were assumed suitable for reduction 
t o their respective metals . If other sa l t s pr oved more 
useful for me tal reduction, they could be obtained by a 
simpl e modification in the process or by direct conversion of 
the oxides. 
The we t hydroxides contained 3o5 pounds of water per 
pound of solids . Filter r equirement s, computed for a plate 
and frame pressur e filter, wer e 0 .33 square feeti per pound of 
oxide produced. Ammonia r equiremen t s were 1 . 11 pounds of 
100 per cent ammonia per' pound of tantalum oxide and 1.32 
pounds per pound of niobium oxide. The yie l ds were essentially 
100 per cento Wa sh water amounted t o roughly one gallon per 
pound of oxide. The washed cakes were dr i ed and calcined at 
about 500 °C t o produce niobium and t antal um oxideso 
Product pur ities 
The niobium and tantalum oxides produced by this method 
were spectrographi cally pure with r espect to each other. 
·Trace impurities were de t er mi ned by emission spectrograph. 
In all cases these trace i mpurities amounted to only a trace 
of iron and a f a int t race of manganese . Quantitatively, then, 
these impurities probab ly amounted to l ess than 50 ppm. 
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COST ANALYSIS 
A cost analysis for production of tantalum-free niobium 
and niobium-free tantalum was made from the information and 
experience obtained in the investigation. No detailed plant 
design calculations were carried out. Plant location was 
chosen as the Niagara Falls, New York,area as a basis for 
freight and other dependent charges because of its favorable 
utility resourceso The raw material basis was an ore 
concentrate containing 70 per cent total oxides and assaying 
63 per cent niobium oxide and 7 per cent tantalum oxide. 
The daily production rate for the purification plant 
was chosen as 1000 pounds of total oxide (equivalent to 
900 pounds Nb205 and 100 pounds Ta205) per day based on 
operation for an average of 300 days per year. While in 
operation the plant would run for 24 hours per day and six 
days per week. This size of plant roughly approximates the 
several zirconium plants which have been recently constructed. 
This basis permitted one to compare niobium directly with 
zirconium, the one metal with which niobium necessarily must 
compete for many of the proposed uses. 
The raw materials and equipment costs were made for the 
process following the flow sheet in Figure 9. This flow sheet 
is a summary of the recommended conditions given for previous 
steps of the process. 
' Chemical Costs 
The raw materials required in processing were the major 
contribution to the cost of the finished product and were 
probably the most accurately known portion of the estimate. 
The cost of the columbite ore concentrate was taken from the 
latest quotation of the David Taylor Export Company (8). The 
costs of the other chemicals were estimated from listings in 
Chemica 1 and Engineel"ing News o 
The basis of the chemical requirements was taken as 
one pound of oxide product or 0.90 pound niobium oxide and 
0.10 pound tantalum oxide. Yields of niobium and tantalum 
were 100 per cent for all the processing steps except the 
hexone leaching step where the yield was taken as 95 per 
cent. Raw material costs are summarized in Table 16. 
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Figure 9. Quantitative flow diagram for the 
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Equipment Costs and Investment 
An estimate was made of the equipment required to process 
900 pounds of niobium oxide and 100 pounds of tantalum oxide 
per day. The size of the equipment chosen was based upon 
data obtained in the laboratory and was taken only for the 
purpose of preliminary cost estimation rather than design. In 
most instances the costs were estimated from published data in 
Chemical Engineering Costs Quarterly and other sources (9-11). 
All estimated costs were ·: ..,,s , ':.ofb;1 November, 1956, by the use of 
the Marshall and Stevens ail-industry index (11). A factor of 
1.43 was used to determine the installed cost from the FoO~j. 
c·ast. at the factory (12). The major equipment required for 
production of 900 pounds niobium oxide and 100 pounds of 
tantalum oxide per day are itemized in Table 17. 
In calculating the total capital investment, the installed 
process equipment cost was used as the basis, with the invest-
ment for piping» instrumentation, and building estimated as a 
fraction of this cost. The procedure outlined by Zimmerman and 
Lavine (9) was usedo Since it was considered that services 
such as steam and power 'I.IIOuld be purchased from outside sources, 
no estimates were included in fixed capital for these facilities. 
The distribution of capital investment is shown in Table 18. 
Operating Costs 
The raw material costs for the process have been estimated. 
The total operating charges include these costs plus those for 
utliities, labor$ depreciation. maintenance, and administration. 
Labor requirements were estimated from experience in processing 
and handbook data upon labor needed for equipment operation. 
Hourly rates were based upon available datao Five operators 
and one foremen would be required per eight hour shift. The 
labor was distributed as follows: 
Opening of the ore and f eed preparation 
Extraction 
Oxide conversion and solvent recovery 
Supervision 
2 operators/shift 
1 operator/shift 
2 operators/shift 
1 foreman/shift 
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Table 17. Installed process equipment cost for the proposed 
niobium and tantalum purification plant 
Number 
1 
1 
1 
1 
1 
Basis: 1000 pounds oxide/da¥ (900 pounds Nb205 
and 100 pounds Ta205J 
Equipment Total cost 
Bin, 1000 ft.3, wood $1,500 
Dryer, vacuum shelf, 20 ft. 2 shelf area, 
monel clad 5,000 
Extractor, miXer-settler type, closed, 
9-stage, 1.5 gpm, polyethylene 7,500 
Extractor, mixer-settler type, closed, 
15-stage, 2.0 gpm, polyethylene 10,000 
Filter, plate and frame, 12-inch, 12-
chamber, one-inch frames, cast iron 800 
1 Filter, plate and frame, 36-inch, 40-chamber, 
one-inch frames, open discharge, 
cast iron 4,400 
1 Filter, rotary, horizontal, vacuum, closed, 
27 ft.2, wash accessories included, 
monel 43,000 
1 Furnace, electric, 15 lb. H20/hr. 2,000 
2 Furnace, electric, 70 lb. H20/hr. 3;000 
1 Grinder, hammer mill, 1000 lb./hr. 1,400 
20 Motor, one-half horsepower 1,000 
20 Pump, centrifugal, 3.0 gpm., monel 6.,000 
3 Pump, slurry, 5.0 gpm., monel 2,500 
2 Reactor, 50 gal., agitated, closed., 
steam coils, haveg 2,600 
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Table 17 0 Continued 
Number Equipment Total cost 
4 Tank .I> 50 gal o .9 agitated, closed, haveg $4,400 
1 Tank; 100 galo,g agitated.~> closed.~> 
haveg 1.1>300 
1 Tank, 100 gal o .~> closed.s> haveg 1,000 
1 Tank.9 500 galo 3 closed, baveg 1,400 
2 Tank; 1000 galo.s> closed.s> haveg 4.9000 
1 Tank, 5000 gal • .9 closed, steel 4,900 
Miscellaneous 20 2 000 
Tota l installed equipment costs $~27,700 
The requirements for maintenance personnel, analysts, and 
office help were calculated as functions of installed equipment 
or labor costso 
The total capital investment was depreciated over a five 
year periodo Power and steam requirements were not well 
known 3 but were estimated as 200 kilowatts and 100 pounds 
stea~ respectivelyo The procedure of Dybdal (13) was used 
in preparing the estimateo Direct and indirect conversion 
costs were estimatedo The bulk manufacturing cost was the 
sum of the direct conversion cost, the indirect conversion 
cost.s> and the raw material costo These items are presented in 
Table 19o 
The process costs given are those for niobium and tantalum 
oxides rather than the metalo To these costs must be added 
the expense of reduction to the metal in order to gain a 
concept of the relative importance of the proposed separation 
processo However.s> these costs are not generally available. If 
a metal reduction cost of 10 or even 20 dollars a pound is 
estimated, it is evident that the cost of these metals would be 
drastically reduced from their present price levelo On this 
basis, then, this proposed process for the separation and purifi-
c·ation of niobium and tantalum oxides could successfully compete 
with the processes presently employedo 
.::. 
Table 18. Capital investment for the proposed niobium and tantalum 
purification plant 
Basis: 1000 pounds oxides/day (900 pounds Nb2o5 and 100 pounds Ta2o5) 
Subject Cost 
Installed process equipment (I.P.E.) 
Piping -- 25 per cent of I.P.E. 
Instrumentation -- 10 per cent of I.P.E. 
Building -- 20 per cent of I.P.E. 
Total plant cost (T.P.C.) 
Engineering and construction 25 per cent 
of T.P.C. 
Contingencies -- 15 per cent of T.P.C. 
Total capital investment 
$127,700 
31,900 
12,800 
25,500 
$197,900 
49,500 
29,700 
$277,100 
H (/) 
() 
I 
co 
0 
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V1 
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Table 19. l"reliminnr;v !'rOM?9 cost 9GtiT:1c,to for n1oo1urr.-bnt~l,L!ll 
purU'iCtttiOil pl:-mt 
Plc.nt e~:p:~eit;vt lOCO J'lCltn~c o'dJla/tb y (9c;0 :pounds llb2o5 
nn•i :too 11owdo ':!'!'2o5) 
Ba.sio 1 one ponrut of ox1lle :product 
-----------------------------·"------
---------·----··------
Direct convo rdon cost 
J.n1•o r, o .12 r.tr-1\ ho,lr~ 
SuyJEH .. t1zion, 0,02t~ tllo"n hours 
PO t.F(!r, lf,g K~i!1 
Ste,r.m, 100 lb, 
ll"'i:nton.<:~nM (lo p~r eent/ye rl'~ inntnllod 
equipr.1ont) 
!l'UlJ!)li0£1 (o. 5 pc:r cont/'l'e,·.r 1i:lstr...lloli 
Oql11pmtmt) 
Lnbore,toey 
Pe.yroll ehr:u-.:;es (15 per oont ot lnbor 
o.nd smperv1n:l.on) 
'l'obl direct con~1·don cost 
Indirect convcr~1on coot 
f.,: .r:-t>/hr. 
).oo/hr. 
0,01/R:iH 
c.r;o/looo lb. 
Overhol'lli (40 p~r c~n l; o:i' l ,~~,or, ll'l\:pl!lttvidon, 
ri.l\~1 maint .a!'·n.''IC~) 
Deprecint1on (;,.'o 1Hl't' crmt/;.la:t-: Cllpi tnl investment) 
Tt ..... ~GI (2 per ct~~ltfy,~r oapit:\l investment) 
lnGttl'!'mOo (l pel!' eent/ya,lr cnpitn'L 1n•:clntl.'>!Jllt) 
'l'otal in<lireot conv(!r r. lol~ cont 
Bulk Dumttfncturin;; coat 
-------------·------·-
0.07'2 
o.o4g 
0.050 
o.o42 
o.oo2 
o.oso 
¢0,11~2 
0.185 
0,019 
o.o1o 
~0.356 
~l.S92 . 
~;2 , 799 
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DISCUSSION OF RESULTS 
This investigation of the separation and purification of 
niobium and tantalum by hexone extraction was not complete 
~ enough to permit a detailed plant design. Tne primary 
objective was the determination of a preliminary cost estimate 
based upon data obtained in laboratory and pilot plant studies. 
However, the process itself has been fixed in its broad 
outlines and it is probable that very little further work will 
be required upon the qualitative flow sheet. Data for the 
sizing and exact operation of several pieces of equipment 
were not adequate~ The problems yet unsolved were defined. 
The greatest unsol ved problems were those of exact equipment 
size for several steps in the process and choice of 
materials of construction for some of the steps where highly 
corrosive solutions were presente 
Major portions of the experimental work were devoted 
to the opening of the ore~ the preparation of the extractor 
feed solution, and the separation of the niobium and tantalum 
by solvent extracti on o Dis solution of the ore concentrate 
in aqueous 70 per cent hydr ofluoric acid was determined to be 
the best method testedo This method was chosen in lieu of 
other methods because of the simplicity of operation. 
Essentially 100 per cent opening of the ore was achieved 
when stoichiometric hydrofluoric acid and columbite ore were 
reacted for four hours ~t 100°Co Since the unit cost of 
hydrofluoric acid and columbite ore together comprised more 
than 60 per cent of t he f inal cost, this step was determined 
to be the most import ant part of the process. Any decrease 
in yield would have a strong in~luence upon the final 
manufacturing cost. 
In the cost analys i s the cheaper 66 per cent hydrofluoric 
acid was proposed for use over the more expensive 70 per cent 
variety. · This somewhat weaker acid was not tested in the 
process and i t is doubtful if any significant difference would 
be notedo Any future work on this process should include 
testing the effectiveness of the 66 per cent hydrofluoric acid 
on the opening of the ore concentrate. 
Sulfuric acid dissolution of columbite ore was only 
moderately successful. Reaction with an acid-to-ore weight 
ratio of five to one resulted in approximately 70 per cent 
opening of the oreo However, the difficult filtrations 
necessary dictated that this method be dropped in favor of the 
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hydrofluoric acid methodo More research on the sulfuric acid 
method might result in a suitable process. The difference in 
raw material cost for the two acids definitely fav~ sulfuric 
acid. The extra p~ocessing steps which would be necessary if 
sulfuric acid were used could possibly reduce the advantages · 
of the cheaper raw material by increasing the operating costs. 
The beat method for recovering the niobium and tantalum 
values from the hydrofluoric acid reaction mass was by 
leaching with hexoneo Yields of 95-96 per cent were obtained 
when the reaction mass was leached countercurrently in four 
stageso The fourth leach was fresh hexone acidified to one 
normal with hydrofluoric acido The use of acidified hexone 
over fresh hexone increased the recovery of niobium and 
tantalum 2-3 per cento The leach solution from the first 
contact with the reaction mass was used as the extractor feed 
solutiono 
In order to effect these high recoveries on a commercial 
scale, it was recommended that a filter such as the Bird 
Prayon or Eimco Pan be usedo These filters are capable of hi$h 
cake washing efficiency and sharp separation of filtrates, two 
features which are necessary to obtain high recoveries. 
The wet fluoride cake discharged from the filter after 
the fourth leach contained OolB-0.20 pounds of hexone per 
pound of solids. It was recommended that this hexone be 
recovered by simply drying in a vacuum-type shelf drier. 
Because of the possibility that some hydrofluoric acid remained 
in the cake, such a drier would have to be of a suitable 
material of construction such as monel clad steelo 
The simulated column technique was used to predict the 
conditions for the continuous separation of tantalum and 
niobium by solvent extractiono Both diethyl ketone and 
hexone were employed as solvents for the separation. Diethyl 
ketone was a better extracting agent than hexone but the lower 
cost and higher recovery value of hexone dictated its use. 
A continuous, nine-stage, mixer-settler extractor was used 
to demonstrate the relative ease with which tantalum and 
niobium can be separatedo Tantalum with less than 100 ppm 
niobium, expressed as oxides, was produced in the extract 
product while the raffinate contained niobium with less than 
700 ppm tantalumo In both cases the purity values reported 
were the limit of the spectrographic methods employedo A 
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second extraction, employing 15 stages, successfully 
extracted niobium into another hexone phase away from the 
impurities, iron and manganese. Spectrographic analyses of 
the above extract products showed less than 50 ppm iron or 
manganese present. 
The conditions employed for the above extractions were 
not necessarily the optimum. Since the best operating 
conditions are a function of a particular extractor and the 
feed solution composition, it was recommended that a pilot 
plant study be made on the extraction portion of the process 
before any scale-up is attempted. 
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The best method for removing the solutes from the hexone 
extracts was found to be by direct precipitation with ammonium 
hydroxide. Several aqueous stripping solutions were tried, 
particularly sulfuric acid, but none gave satisfactory results. 
The method settled upon was probably the least expensive 
operational-wise since the hydroxide cakes had to be filtered 
under any conditions . The one disadvantage of the method 
was the eight per cent loss of hexone. 
Solvent regeneration was accomplished by acidifying the 
hexone recovered from the hydroxide filtration step. The 
regenerated hexone was found to have increased extracting 
ability. This was probably caused by a small amount of hydro-
fluoric acid present in the hexone which resulted from the 
reaction of ammonium bifluoride and sulfuric acid. 
One possible complication not investigated was the effect 
of solvent degradation. Regenerated hexone was dark brown 
in color as compared to clear virgin hexone. The dark color 
probably resulted from the presence of degradation products 
caused by the reaction of sulfuric acid and hydrofluoric acid 
with hexone. It is possible that the ten per cent replacement 
necessary to offset losses would control the degradation 
products and keep them at a permissible level. However, if 
this proved not to be the case, the solvent could be replaced 
after a certain number of cycles. 
The plant chosen for the cost analysis was based upon 
1000 pounds per day of separated oxides assaying 90 per cent 
niobium oxide and 10 per cent tantalum oxide. This size was 
roughly that of new zirconium purification facilities. It was 
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considered that niobium would have to compete with zirconium 
for many of its proposed uses and hence this comparison was 
made to study the re l ative economic importance of niobium. 
Since the demand for tantalum-free niobium cannot be evaluated 
at this time~ t his size may be either too small or too large 
to fill projected niobium requirements. Change of estimated 
plant size would have gr eatest ef fect upon labor costs with some 
change in deprecia t i on cha r geso It may be noted that these 
items comprised only a small fraction of the total manufacturing 
cost. 
When possible, t he choice of equipment for the projected 
plant was based upon requi rements determined experimentally. 
In several instances equipment cost was estimated from 
general operating needs r ather than specific data. In · 
particular, the size of s t9rage tanks was based upon estimated 
requirements for inventory of raw materials and streams in 
processo 
Most of the equipment proposed for the plant was 
constructed of have go The l ow initial cost of this material 
of construction over the noble metals was considered 
advantageous even though more care is necessary to properly 
maintain haveg. In mos t ca ses the utilization of haveg 
reduced equipment cost twent y-fold indicating that ~ven a high 
rate of replacement could be tolerated. -
Since most of t he bulk manufacturing cost was derived from 
the raw material cos t, notabl y the hydrofluoric acid, it was 
recommended t hat fut ur e research on this process be aimed at 
hydrofluoric acid recove r y. Some reduction in raw material 
cost coul d be made by subs t i tuting sulfuric acid for hydrofluoric 
acid in the opening of t he ore. However, as mentioned earlier, 
operating costs in thi s case might be raised to the point where 
no advantage is gained . 
For the proposed pr ocess, there are two sources of hydro-
fluoric acid whic h might prove economical to recover. First, 
there is the fluor i de cake consisting principally of iron and 
manganese fluorides. Secondly , the extracted niobium and 
tantalum soluti ons contain fluoride. In both cases sulfuric 
acid could be used to regenerate hydrofluoric acid. However, 
it is doubtful that either of these fluoride sources would prove 
economical for the produc tion rate presently proposed. 
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From the cost analysis it was seen that either niobium or 
tantalum oxide could be produced for $2.80 per pound. Since · 
the cost of the metal reduction for either metal was unknown, 
no final metal cost was estimated. On the other hand, high-
purity niobium oxide presently costs around eighty-six 
dollars a pound. From a comparison of the above costs, it was 
evident that this proposed process could successfully compete 
with the processes presently employed. 
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APPENDIX A 
Analytical Methods 
Oxide concentration 
Qxide concentration in a9ueous solution. A volume of 
solution; containing approximately 500 milligrams of oxide, 
was diluted tenfold. Ammonium hydroxide was added to 
precipitate the niobium-tantalum hydroxide. A small volume 
of acetone was added to facilitate filtering. The niobium-
tantalum hydroxide was filtered and dried. The hydroxide was 
ignited at 800°C for two hours and weighed. The result was 
the weight of niobium-tantalum pentoxide. 
Oxide concentration in organic solution. A volume of 
solvent, containing approximately 500 milligrams of oxide, was 
diluted tenfold with acetone. One to one ammonium hydroxide 
was slowly added to precipitate the niobium-tantalum hydroxide. 
The hydroxide was filtered, dried, and ignited at 800°C. The 
weight of solids wa s the weight of the niobium-tantalum 
pentoxidee · 
Tantalum-niobium ratio 
The pentoxides were submitted to the spectrographic 
laboratory for the determination 0f the relative tantalum and 
niobium content by x-ray fluorescence (2) and spectrographic 
analysis (3). The first method was employed for mixtures 
containing between 2.0 and 98 per cent niobium and was 
accurate to within + 5 per cent. The spectrographic methods 
of Fassel and Krotz-(3 ) were used for samples containing less 
than 2.0 or more than 98 per cent niobium. The accuracy of 
the spectrographic ~ethods in these high purity ranges was 
+ 10 per cent of the minor consituent. The limit of detection 
for niobium in pur e tant alum pentoxide was 50 parts per 
million while the limit for tantalum in pure niobium pentoxide 
was 700 parts per million. 
Hydrofluoric acid concentration 
The hydrofluoric aci~ concentration was computed from 
the total oxide concentration, the Ta/Nb x 100 ratio, and a 
total fluoride analysis. For the total fluoride analysis, 
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the filtrate and all the washings from the total oxide 
determination were diluted to 100 milliliters in a volumetric 
flasko Ten~milliliter aliquots of this solution was diluted 
approximately threefold with distilled water. If the 
solution being analyzed were organic, all dilutions and washings 
were made with ethyl alcohol. One milliliter of chloroacetic 
acid buffer solution (9.8 grams chloroacetic acid and 2.0 grams 
sodium hydroxide per 100 milliliters of water) was added and 
the pH adjusted to 3.0 with dilute hydrochloric acid. A pH 
meter was used in all cases. Several drops of alizarin red 
S indicator were added and the solution titrated with standard 
thorium nitrate solution until a permanent pink color resulted. 
The moles of fluoride associated with H2TaF7 and H2NbOF5 
were calculated from the total oxide concentration and the 
Ta/Nb x 100 ratioo The excess hydrofluoric acid normality 
was equal to the total moles of fluoride minus the moles of 
fluoride associated with the H2TaF7 and H2Nb0Fs· These results 
were reproducible to approximately + 3 per cent. 
Minor elements 
Calcined pentoxides were submitted to the spectrographic 
laboratory for analysis of the minor elements by emission 
spectrographo 
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APPENDIX B 
Table 20. Equilibrium data for pure niobium and tantalum 
fluorides with hexone 
Volume of Volume of Cone. of Aqueous Organic 
feed hex one feed cone. cone. 
(ml) (ml) (moles (moles (moles 
oxides/ oxides/ oxides/ 
liter) liter) liter) 
H2TaF7 with 9.56 N excess hydrofluoric acid 
100 100 1.35 0 .. 610 0.721 
100 100 1.18 0.506 0.619 
100 100 1.01 0.406 0.534 
100 100 0.808 0.302 0.436 
100 100 0.673 0.244 0.373 
100 100 0.337 0.108 0.193 
100 100 0 .. 135 0.050 0.072 
H2TaF7 with 1 .. 60 N excess hydrofluoric acid 
100 100 2.24 1.56 1.10 
100 100 1.96 1.30 0.925 
100 100 1.68 1.10 0.770 
100 100 1.40 0.866 0.637 
100 100 1.12 0.669 0.515 
100 100 0.839 0.460 0.398 
100 100 0.560 ·0.286 0.276 
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Table 20. Continued 
Volume of Volume of Cone. of Aqueous Organic 
feed hex one feed cone. cone. 
(ml) (ml) (moles (moles (moles 
oxides/ oxides/ oxides/ 
liter) liter) liter) 
100 100 0.280 0.143 0.132 · 
100 100 0.134 0.074 0.062 
100 100 0.090 0.045 0.035 
100 100 0.045 0.028 0.013 
HTaF6 with 0 N excess hydrofluoric acid 
100 100 2.66 2.24 1.17 
100 100 2.44 1.94 0.982 
100 100 2.22 1.85 0.909 
100 100 2.00 1.60 0.804 
100 100 1.77 1.42 0.690 
100 100 1.54 1.17 0.587 
100 100 1.33 0.984 0.501 
100 100 1.10 0.786 0.415 
100 100 0.878 0.600 0.331 
100 100 0.666 0.436 0.254 
100 100 0.399 0.255 0.154 
100 100 0.226 0.151 0.082 
100 100 0.160 0.109 0.053 ~~.: ':.-'.; 
100 100 0.106 0.075 0.031 
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Table 20. Continued 
Volume of Volume of Cone. of Aqueous Organic 
feed hex one feed cone. cone. 
(ml) (ml) (moles (moles (moles 
oxides/ oxides/ oxides/ 
liter) liter) liter) 
100 100 0.053 0.035 0.013 
H2NbOF5 with 13.52 N excess hydrofluoric ac.1d 
100 100 2.25 2.22 1.13 
100 100 1.97 1.95 0.832 
100 .100 11t69 1.66 0.722 
100 100 1.41 1.40 0.521 
100 100 1.13 1.10 0.341 
100 100 0.732 0.845 0.184 
100 100 0.563 0.202 0.064 
H2NbOF5 with 6.0 N excess hydrofluoric acid 
100 100 3.21 2.92 1.06 
100 100 2.81 2.47 0.895 
100 100 2.41 2.18 0.722 
100 100 2.00 . 1.77 0.519 
100 100 1.60 1.48 0.344 
100 100 1.04 1.14 0.186 
100 100 0.802 0.781 0.059 
